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We demonstrate that the non-trivial CP-violating structure of QCD vacuum




! qq ! 2-jet annihilation. We nd that
the sign of the jet handedness correlation can be opposite to that predicted by
factorization of q q fragmentation and CP-conjugation of the two jets. A simple
model estimation of the handedness correlation magnitude is in agreement with







1. The problem of CP violation in strong interactions is of fundamental interest.
Even though CP-violating eects are not expected in perturbative QCD, the non-
trivial structure of QCD vacuum may lead to the breakdown of the invariance with
respect to CP conjugation [1]. A particular illustration of this option is the appearance













which is intimately related to the possibility of tunnel transitions between the vacuum
states with dierent topological indices [2]. This tunnelling phenomenon is invoked,
for example, in the now generally accepted solution of the U(1) problem in QCD [3].
It is easy to see that the term (1) explicitly breaks down CP invariance. However
CP-violation in strong interactions was never observed. Does it mean that the true
theory of strong interactions is CP-invariant?
The answer to this question is not necessarily positive, since in the usual observ-
ables the non-perturbative CP-violating eects would appear only as tiny corrections,
which are dicult to isolate. In fact, the existence of non-vanishing vacuum gluon
elds [4] in QCD would denitely induce the CP-violating eects due to a chromo-












i ' 0:01 GeV
4
; (2)
where at a later stage we have used the \canonical" gluon condensate value [4]
3
. How-
ever the terms induced by the vacuum gluon elds usually appear in the expressions for
physical quantities as higher-twist power corrections to the leading perturbative QCD





i. It is extremely important therefore to nd an observable in which the
non-perturbative eects would give a leading contribution.
Such an observable was recently proposed in the work of ref. [6]: it is the jet






! 2-jet process. There is a preliminary ex-
perimental indication [6] that this correlation is of the sign opposite to that predicted
by CP-conjugation of q and q jets and by their independent fragmentation.
The aim of this Letter is to demonstrate that the observed sign is natural if the
fragmentation occurs in the background of non-perturbative chromomagnetic vacuum
eld. We shall present a simple model estimation of the handedness correlation which
appears to be close to a preliminary experimental indication.















It was also suggested that the self-dual elds could provide colour connement and linearly rising
Regge trajectories [5].
1
Since the qq pair is produced by the (spin 1) virtual photon or in the Z
0
decay, the
spins of the quark and antiquark will be aligned in the same direction. Consider
now the pairs of positive and negative pions formed in the fragmentation of the jet.
Let us call the pair \left" (\right") if the projection of the vector product of the
three-momenta of positive and negative pions on the thrust vector
~






















is negative (positive). CP conjugation transforms a \left" (\right") pair produced in
the quark-induced jet into the \left" (\right") pair in the antiquark-induced jet, and















) is the number of \left-handed" (\right-handed") pairs of charged
pions formed in the fragmentation of the jet.





















, for example, stands for the number of events in which the pair in the
quark-induced jet was \left" but the pair in the antiquark-induced jet was \right".
Naively, one would expect that the fragmentation of quark and antiquark jets
is CP-symmetric, as it is in perturbative QCD. This means that a pair of some
handedness in one jet has to correspond mainly to the pair of the same handedness
in the opposite jet, i.e. the correlation (6) has to be negative. This can be well
illustrated in a simple classical model where the handedness arises from the turning
of q and q produced in breaking of string in longitudinal chromomagnetic eld from
chromomagnetic dipole moments of initial q and q [8]. Since the direction of the
eld is opposite for q and q, the handedness will be the same and the correlation (6)
negative. Experimentally, however, it is denitely positive [6].
As we shall now discuss, the entirely non-perturbative process of scattering o
the vacuum gluon elds, rst considered in the context of jet physics in ref. [9], can
induce the CP-parity violation and hence leads to a positive value of C. Indeed, the
quark and antiquark \shaken-o" in the fragmentation process will be deviated by
the background vacuum chromomagnetic eld (2) in the same direction, both in the








) will thus have a length
dierent from zero and will be aligned in the same direction in both jets. This will





, leading to the positive value of the \handedness correlation" (6).
2
3. Let us now present these qualitative arguments in a somewhat more formal
way. The two-particle fragmentation function of a polarized quark fragmenting into
























of the particles and on the eld strength B
2
. In (7), ~s is the
















j. Under the charge conjugation, ~n and
~

















Averaging over dierent events with presumably random orientation of
~
B and over az-






























































is the quark polarization, c
qq
= +1 is the qq helicity correlation, and 
q
is
the cross section of production of the avour q. Formula (9) shows explicitly that the
presence of a chromomagnetic component of the gluon condensate of QCD vacuum can
result in the positive sign of the handedness correlation and hence to CP-asymmetry
in the fragmentation of the two jets.
4. We shall now try to make some quantitative estimates. Assuming that the
transverse size of the vacuum uctuation l and the transverse momentum k
T
of the
\shaken-o" quark and antiquark satisfy the condition
k
T
l >> 1; (10)
one can estimate the magnitude of the eect in the classical approximation [9, 8].
Using (7), it is easy to see that the \handedness" (5) is related to the angle ' of the















Using the classical equation of motion of quark in the external chromomagnetic eld,



































Recalling that the strength of the longitudinal component of the chromomagnetic




































The vacuum domain size is poorly known at present; to get an idea about the value of
l we can turn to the results of the lattice calculations [10], which give in the Euclidian
space the value l ' 0:2 fm. Using for the gluon condensate the value (2) and assuming
that to satisfy the condition (10) we should take at least k
T
l  1, we nd that the
value of the handedness correlation parameter is of the order of
C  +27%; (17)
which is not far from a preliminary experimental estimation 24  5% [6]
4
. We stress
that the positive value of C corresponds to the CP-violating eect.
The subtle point of the derivation given above is that it assumes that the quark
crosses the vacuum domain, and hence feels its chromomagnetic eld, before it trans-
forms to a colour-neutral meson. If the proper formation time of the meson  is
shorter than l (we assume that the velocity of the quark is about unity), the quark
will not traverse the entire vacuum domain, but will travel only the distance  < l.














;  < l: (18)
The proper formation time of the meson, i.e. the formation time in the jet centre of

























)) are rapidities of the meson and of the centre of mass of the jet in lab. system.
From this one can see that the condition  > l for (16) and the condition (10) have in
fact no common domain, so the value (17) can be considered only as an upper bound
for C.
4




 1=l the quantum problem should be considered; the results of this study
will be published elsewhere. We expect that the correlation will decrease in this region
of small k
T
, since the quark can now \feel" several domains with dierently oriented
chromomagnetic elds.
5. The crucial assumption that we have made above is the existence of a correlated
vacuum \tube", which has a small transverse size l, but considerable longitudinal
dimension so that fragmenting quark and antiquark are in the vacuum domain with
the same direction of chromo-magnetic eld B. At rst glance, this is inconsistent
with the small correlation radius l of vacuum elds. This is however not so, since
this correlation radius was measured on the lattice in Euclidian space; in terms of the








In the real Minkowski space this means that the eld is correlated in the vicinity of













in the opposite spatial directions close to the light cone will be in the same vacuum
domain, with the same orientation of the chromomagnetic eld. We thus expect
the appearance of CP-violating eects only at high centre-of-mass energy of the jets,
which is the case in the Z
0
decay.
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